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Abstract Investigations on the interconnection between the polarization rotation
and crack propagation are performed for [110]-oriented 74Pb(Mg1/3Nb2/3)O3-
26PbTiO3 relaxor ferroelectric single crystal under electric loadings along [001]
direction. The crystal is of predominantly monoclinic MA phase with scatter dis-
tributed rhombohedral (R) phase under a moderate poling ﬁeld of 900 V/mm in
[001] direction. With magnitude of 800 V/mm, a through thickness crack is initi-
ated near the electrode by electric cycling. Static electric loadings is then imposed
to the single crystal. As the applied static electric ﬁeld increases, domain switch-
ing in the monoclinic MA phase and phase transition from MA to R phase occur
near the crack. The results indicate that the crack features a conducting one.
Whether domain switching or phase transition occurs depends on the intensity of
the electric ﬁeld component that is perpendicular to the applied electric ﬁeld.
c© 2014 The Chinese Society of Theoretical and Applied Mechanics. [doi:10.1063/2.1405103]
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Multifunction and miniaturization of electronic devices demand strictly on functional ma-
terials which couple effectively one form of signal or energy to another. Ferroelectrics sin-
gle crystals encompassing the solid solutions of Pb(Mg1/3Nb2/3)O3-PbTiO3 (PMN-PT) and
Pb(Zn1/3Nb2/3)O3-PbTiO3 (PZN-PT) are among top candidates of the functional materials. Near
the morphotropic phase boundary, ultrahigh electric ﬁeld-induced strain (>1.0%), high electrome-
chanical coupling (k33>90%) and high piezoelectric coefﬁcient (∼1 500 pC/N) can be obtained
for both 〈001〉- and 〈110〉-oriented PMN-PT single crystals.1–6 Extensive studies were carried out
both for primary comprehension of their ultrahigh piezoelectric performances, and for practical
device applications of single crystals. It is recognized that the ultrahigh piezoelectric behavior is
due to multiphase coexistence and phase fragility upon external loadings.1–3,7–9
When ferroelectrics is applied in practical devices, e.g., actuators, transducers, and memory
devices, it is anticipated to undergo static or alternating electric ﬁelds. Reliability issues may arise
regarding mechanical and electrical degradations. In mechanical sense, the degradation in the
mechanical sense is termed as the “electric fracture” in an intensive electric ﬁeld and the “fatigue
crack propagation” in an alternating electric ﬁeld.10 Furuta et al.11–14 found that cracks emerge
from the electrode edges and then propagate to ferroelectric material’s interior under cyclic elec-
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tric ﬁeld. Upon high driving electric ﬁelds, severe delaminating cracks occur under electrodes,
and they mainly propagated parallel to the electrodes.13
Coexistence of phase transitions and multi-phase is rich in a system of PMN-PT single crys-
tals. Fang et al.15 found crack bifurcation in [001]-oriented rhombohedral PMN-PT single crys-
tals, and the main crack predominantly propagated in the direction perpendicular to the applied
electric ﬁeld. Jiang et al.16 found, near the crack tip, enlargement of the 90◦ domain-switching
zone with the applied electric ﬁeld. Tan et al.17,18 and Jiang and Fang19 observed the crack prop-
agation along the 90◦ domain boundaries of the T phase using transmission electron microscope
and polarized light microscope. Fang et al.20 found that for PMN-PT single crystals at mor-
photropic phase boundary (MPB), after a phase transition from R (rhombohedral phase) to T
(tetragonal phase), deviation of the crack propagation path took place. Apart from the R and T
phases, monoclinic MA, MB, MC, and orthorhombic (O) phases were reported in PMN-PT single
crystals. However, rare researches can be found on the crack propagation behavior in ferroelectric
single crystals other than the rhombohedral and tetragonal phases. We perform in-situ studies on
the domain switching, phase transition, and crack tip advancement for the [110]-oriented PMN-PT
single crystal at MPB in this letter. The study aims to reveal the interplay between phase transi-
tion and crack propagation. It would be important for both basic understanding of the mechatronic
reliability and practical device applications of the relaxor ferroelectric single crystals.
Single crystals of [110]-oriented 74Pb(Mg1/3Nb2/3)O3–26PbTiO3 (PMN-26PT) are supplied
by Shanghai Institute of Ceramics, Chinese Academy of Sciences. We cut and polish all samples
into a chip of approximately 0.1×5×5 mm3. The top or the bottom surfaces for a single crystal
plate are “(110)” planes, and the two edges are parallel to [001] and [11¯0] crystallographic direc-
tions, respectively. The axis of prototype cubic phase of perovskite structure is used for illustrating
the orientation. The thickness of<0.10 mm is chosen to minimize the possible overlapping of the
domains in the thickness direction. Samples are gold-sputtered with a gap of 1 mm on the surface.
Electrodes are attached with silver leads using air-dry silver paste. Applied electric ﬁelds are in
[001] direction. We immerse the specimen in a silicon oil tank made of insulating and transparent
plexiglas to prevent electric breakdowns. Crack growths and changes in domain conﬁguration are
observed and recorded by an Olympus optical microscope using a video imaging system, and we
detect the phase symmetry basing on the optical extinction angle. Under a crossed polarized light
microscope, when domain’s optical indicatrix section is perpendicular or parallel to the polarizer,
optical extinction happens. For example, when we set the polarizer along 〈110〉 crystallographic
directions, optical extinction occurs in domains of R (R3m space group) phase. Nevertheless,
domains of monoclinic phases may not exhibit optical extinction as restricted by the symmetry.
Typical morphology of a [110]-oriented PMN-26PT single crystal without poling electric ﬁeld
at 900 V/mm is shown in Fig. 1. The crystallographic directions [001] and [11¯0] are indicated.
Along the direction of 55◦ with respect to [11¯0] direction (as shown in Fig. 1), scattered dark
regions exhibit optical extinction and thus they belong to R phase based on the lattice symmetry.
Since there is no extinction shown in the other regions while the polarizer is set either at an angle
of 55◦ or 0◦ with respect to [11¯0] direction, they belong to neither R phase nor T or O phase.
It can be inferred that these domains belong to a monoclinic (M) lattice symmetry. There are
three types of monoclinic phases, namely, MA, MB, and MC phases8,9,21–23 in PMN-PT single
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crystals. Experimental studies have revealed that as applying the external electric ﬁeld (E ) along
〈110〉 direction, the monoclinic phase is found to be MB phase, while it belongs to MA, or MC
phase when E is applied along 〈001〉 direction.8,9,21–23 In our experiments, the applied E is along
[001] direction, therefore, one only needs to differentiate MC from MA phases. For MC and MA
phases, polarization vectors belong to {100} and {110} crystallographic planes, respectively. It
is found that there exist 24 equivalent polarization vectors in total for MC or MA phase prior to
electric poling. After poling, the possible domain orientations are reduced to 4 since the domains
all reorient to be closest to the direction of E . Walls, satisfying electric neutrality and mechanical
compatibility, separate the domains into different orientations. Polarization vectors for MA phase
with poling along [001¯] are shown in Fig. 2. It also shows possible domain boundary structures
on the projection of (110) plane, where all of the observations are made. For MC phase, with
applying E along [001] direction, only parallel stripes in the horizontal direction may exist for
[110]-oriented single crystal. Base on the agreement between the predictions of MA and the
detected domain boundary structure (Fig. 1), it can be conclude that poled single crystal lies in
the monoclinic MA phase.
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Fig. 1. Typical morphology of [110]-oriented PMN-26PT single crystal without poling electric ﬁeld at
900 V/mm. “P” and “A” denote the polarizer and analyzer of the optical microscope.
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Fig. 2. (a) Possible polarization vectors (“1–4”) for a MA phase with poling electric ﬁeld (E ) in [001¯]
direction and (b)–(d) probable domain boundary structures in MA phase. The top or bottom plane of single
crystal thin plate is (110) plane (shadowed). Plots (b)–(d) are directions of adjacent domains labeled with
according domain boundaries.
Cyclic electric ﬁeld having a magnitude of 800 V/mm with a frequency of 10 Hz is applied
to the single crystal. After 60 000 electric cycles, a mico-crack was found close to the electrode,
and it propagated facing the sample center. Then the sample was further subjected to higher static
electric ﬁelds, from 1 000 V to 2 200 V, at an interval of 100 V/mm. Figure 3 shows the domain
and crack morphology at a static electric ﬁeld of 1 200 V/mm, 1 500 V/mm, 1 800 V/mm, and
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Fig. 3. Domain morphology change of [110]-oriented PMN-26PT single crystal under a static electric ﬁeld
of (a) 1 200 V/mm, (b) 1 500 V/mm, (c) 1 800 V/mm, and (d) 2 200 V/mm.
2 200 V/mm, respectively. From Fig. 3, three distinctive morphology changes can be discerned.
Firstly, an extinction area appears at the left side of crack “1” and it grows as E increases. Sec-
ondly, parallel stripes in regions labeled “A” and “B” change from those inclined to the horizontal
directions. Thirdly, as shown in Fig. 3(a), another crack appeared at the contoured region of
R phase, which is labeled as crack “2” in Fig. 3(b). As the electric ﬁeld increases, crack “2”
propagates and the contoured regions of R phase move forward with advancing crack tip.
An intensiﬁed ﬁeld is found around a crack on an applied ﬁeld, and the crack boundary con-
dition determines the intensiﬁcation’s extent.10,24,25 Since the applied ﬁeld is parallel to the crack,
usually an intensiﬁed ﬁeld can be found for a conducting crack. As shown in Fig. 4, for a con-
ducting crack, the ﬁeld ahead of the crack tip directs along the crack, the ﬁeld at the crack wake
merges perpendicularly to it, and the ﬁeld intermediate rotates by one half of the polar angle. The
electric ﬁeld in the vicinity of the conducting crack exhibits a square root singularity as
{
E1
E2
}
≈ KE√
2πr
{
cos(θ/2)
sin(θ/2)
}
(1)
where θ and r are polar coordinates with its center at the crack tip, E1 and E2 denote components
of electric ﬁeld along x1 and x2 directions. KE represent the intensity of the crack tip electrical
ﬁeld, which can be described as26 KE = E
√
2h tan(πa/(2h)), where h and a are the space between
the two opposite electrodes and the crack length, respectively. As shown in Fig. 4, if a neighboring
crack exist which is close to the main crack, the electric ﬁeld in between the two cracks may
deviate from that predicted by Eq. (1).
Due to the electric ﬁeld component in the horizontal direction (E1) at the crack wake, do-
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Fig. 4. Schematics delineating the electric ﬁeld lines around the cracks initiated from the electrode.
main switching and even phase transition may occur. Hwang et al.27 proposed an energy-based
switching criterion, which suggests that domain-switching happens when the work done by elec-
tric ﬁeld exceeds a threshold value. Domain-switching effect is considered by Fang and Liu.28
The observed crack closure and crack growth under electric loads are explained by employing
fracture-mechanics concepts. A nonuniform ferroelastic domainswitching model is addressed by
Cui and Zhong,29 and the model is driven by twoparameter crack tip stress ﬁeld. When domain-
switching in MA phase occurs, as exempliﬁed in regions A and B, the polarization vectors denoted
as “2” and “3” may switch into “1” or “4”. The adjacent domains with polarization vectors “1”
and “4” only form domain bands in the horizontal direction (Fig. 2(c)). Consequently, the in-
clined domain bands are replaced by those in the horizontal direction. If the intensiﬁed electric
ﬁeld in the horizontal direction is strong enough, polarization vectors denoted as “1–4” of the
MA phase rotate to “1–4” by taking face diagonal paths, phase transition from MA to R occurs,
as exempliﬁed by the enlargement of the optical extinction areas in Figs. 3(c) and 3(d). Whether
domain-switching or phase transition occurs depends on the electric ﬁeld component which is
perpendicular to E .
The crack tip stress intensity factor Kmax can be predicted via electro-mechanical coupling. It
can be expressed as Kmax =ΛKEY γs/Ec if only domain-switching occurs upon the applied electric
ﬁeld,10,30 where Λ denotes a constant depending on mechatronic coupling (of about 0.2), Y is the
Young’s modulus, γs is the saturated electrostrictive strain, and Ec represents the coercive ﬁeld.
If phase transition occurs, similar theoretical derivation can be employed since phase transition is
analogous to ferroelastic switching as far as the effect on cracking is concerned. Therefore, it can
be concluded that Kmax is proportional to KE if the elastic condition of the mechanical behavior is
still satisﬁed. The crack will propagate when Kmax exceeds the intrinsic fracture toughness KIC.
In-situ investigations of domain structure evolution and crack propagation are performed for
[110]-oriented PMN-26PT relaxor ferroelectric single crystals. After introducing a micro-crack
by electric cycling, static electric loadings along [001] direction are further imposed to the sample
of single crystal. As increasing the ﬁeld, domain-switching in the monoclinic MA phase and phase
transition from the monoclinic MA to R occur in the vicinity of the crack. The crack features a
conducting one, and the domain boundary structure evolution depends on the intensity of the
electric ﬁeld component that is perpendicular to the applied electric ﬁeld.
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